Introduction plasmic face of the interface with antigen-loaded presenting cells. Experiments employing an MEKK2-GFP MEK kinases (MEKKs) are a family of serine-threonine fusion protein show that translocation of MEKK2 occurs kinases that have been shown to regulate mitogen-actiwithin seconds of exposure to presenting cells loaded vated protein kinase (MAPK) cascades, including the with a highly stimulatory dose of antigen. However, as ERK, p38, and JNK pathways (Fanger et al., 1997; Widantigen becomes limiting, translocation of MEKK2-GFP mann et al., 1999). In MAPK cascades, the MEKKs funcdoes not occur until several minutes after initial contact tion as MAPK kinase kinases (MAPKKKs) that activate with the presenting cell. MEKK2 is activated by TCR a MAPK kinase (MAPKK), and the MAPKK then activates stimulation, and biochemical data indicate that MEKK2 a MAPK. Many MAPKKKs, including the MEKKs, are capaactivates T cell adhesion, as well as the ERK and p38 ble of activating more than one MAPK pathway. Addi-MAPK cascades. However, MEKK2 does not appear to tionally, most cell types express multiple MAPKKKs, directly regulate IL-4 production in response to antigen which, in transfection/overexpression experiments, ofstimulation. Although a complete pathway for TCRten appear to be functionally interchangeable (Widmann mediated MEKK2 activation remains to be defined, exet al., 1999). However, emerging evidence suggests that perimental evidence suggests that PI3-kinase may be MAPK cascades are physically compartmentalized by an upstream modulator of MEKK2 activation. MEKK2 is scaffolding proteins that group specific MAPK signal thus a newly identified transducer of TCR signals that participates in the activation of specific antigen-regu-
Results
(94%), whereas their N-terminal domains are less related (65% homology) (Blank et al., 1996) . The observation Translocation of T Cell MEKK2 in Response that MEKK3-YFP does not redistribute in response to to Antigen Stimulation antigen stimulation ( Figures 1C and 1D) suggests that Because MAPK cascades are known to be involved in unique sequences in the N terminus of MEKK2 are also multiple aspects of T cell activation (Cantrell, 1996) , exrequired for translocation. Translocation in response to periments were performed to determine if MEKK family antigen stimulation thus appears to be a very specific members are involved in early T cell signaling. Conjuproperty of MEKK2, since endogenous MEKK1 and retgates between T cells and antigen-pulsed presenting rovirally expressed MEKK3-YFP do not redistribute in cells were assayed at early timepoints for MEKK protein D10 T cells. redistribution via digital immunofluorescence microscopy (Monks et al., 1997, 1998) . The D10 T cell clone,
The Kinetics of MEKK2 Translocation Are Dependent which reacts with I-A k plus a peptide from conalbumin upon Antigen Concentration (Kaye et al., 1983 
), was incubated with I-A k -bearing
To establish how antigen concentration affects the ki-CH12.LX B cells (APC) that had been either untreated netics of MEKK2 translocation, live cell imaging experior pulsed overnight with conalbumin. The T cell/APC conjugates that formed were fixed and stained for either ments were performed on conjugates of D10/MEKK2-MEKK1 or MEKK2 and digitally imaged. Figure 1A shows GFP T cells and APC, which had been pulsed overnight that MEKK2 in the T cell translocated to the contact site with various concentrations of antigen. As shown in Figbetween the T cell and APC, providing the APC had ure 2A, translocation of MEKK2-GFP occured within 10 been pulsed with antigen, whereas MEKK1 remained sec after exposure of T cells to APC that were loaded distributed equally throughout the T cell cytoplasm.
with 500 g/ml conalbumin. At 20 g/ml conalbumin, To verify these data, D10 T cells were infected with a translocation was delayed, requiring approximately 40 retrovirus coding for MEKK2 fused in frame to green sec following initial APC contact. When antigen concenfluorescent protein (MEKK2-GFP), and a polyclonal tration was lowered to 4 g/ml, there was a delay of cell line was established. Detection of GFP allowed asapproximately 3 to 5 min before MEKK2-GFP translocasessment of the distribution of the MEKK2-GFP fusion tion was observed. To further support the live cell improtein in live cells. The D10/MEKK2-GFP line was inaging data, T cell/APC conjugates were synchronously cubated with conalbumin-loaded APC. T cell/APC conjuinitiated by brief centrifugation and were fixed 10 or 60 gates were visualized by time lapse digital microscopy. min later. Based on the data in Figure 2A , we expected Figure 1B shows that MEKK2-GFP rapidly translocated that almost all conjugates at high antigen concentration to the T cell APC interface and persisted for at least 30 (500 g/ml) would also have translocated MEKK2-GFP min ( Figure 1B) . As shown in Figure 1C , MEKK2-GFP but that this percentage would diminish as the antigen did not translocate to the area of T cell/APC contact if concentration was lowered, and that no translocations the APC were not pulsed with the specific antigen. Simiwould be observed in the absence of antigen. This is in lar data were obtained when primary, conalbuminfact what was observed ( Figure 2B ). Significantly, the pulsed I-A k -bearing B cells were used (data not shown). most substantial drop in translocation percentage oc-The amount of MEKK2-GFP protein that redistributed cured between 4.0 and 0.8 g/ml conalbumin, which is to the T cell/APC interface in response to antigen stimuthe range of concentration in which antigen becomes lation was quantified ( Figure 1D ). Approximately 9% of limiting for functional responses (see Figure 4A ). total cellular MEKK2 is translocated to the cytoplasmic At 60 min, the percentage of conjugates with MEKK2 region of the T cell/APC contact, which represents aptranslocations was generally less than at 10 min, sugproximately 1.25% of the total T cell volume. Our obsergesting that the enrichment of MEKK2 at the T cell/APC vations indicate that the amount of MEKK2 translocated interface may be reversed before conjugate dissociadoes not vary appreciably with antigen concentration tion. This observation may suggest that MEKK2-GFP (data not shown). Consistent with the observations in translocation is of shorter duration at lower antigen con- Figure 1C , no significant enrichment is observed in the centration (Figures 2A and 2B ). Although some of our absence of antigen. Taken together, these data demonlive cell images seem to support the idea that MEKK2 strate that the MEKK2-GFP fusion protein behaves like translocation is transient, cell movement during imaging endogenous MEKK2 in the D10 cells and that engageexperiments of this duration complicates their interprement of the TCR on T cells causes MEKK2 within the T cells to move rapidly and transiently to the interface tation. The data in Figures 2A and 2B do, however, between the T cells and the APC, the site where the strongly suggest that the rate and duration of MEKK2-TCR is capped (Kupfer and Singer, 1989) .
GFP translocation is directly related to the number of Imaging experiments were also performed on a polyspecific antigen/MHC complexes present on the APC. clonal D10 T cell line expressing a kinase-inactive form of MEKK2, which, as shown in the experiments below,
TCR-Dependent Activation of MEKK2 acts as a dominant-negative mutant (dnMEKK2-GFP).
To determine whether T cell MEKK2 is activated by TCR Interestingly, dnMEKK2-GFP does not translocate to the engagement, the kinase activity of the MEKK2-GFP fu-T cell/APC contact site in response to antigen stimulasion protein in the D10/MEKK2-GFP line was tested tion ( Figure 1C ), indicating that an active kinase domain using a GST-SEK1 substrate. Figure 3A shows that the is required for efficient MEKK2 translocation. To further kinase activity of MEKK2-GFP from D10 cells that had investigate the translocation phenomenon, a third polybeen incubated with fixed, conalbumin-pulsed APC was clonal D10 T cell line was established that expresses 4ϫ higher than that of MEKK2-GFP isolated from D10 an MEKK3 fusion protein (MEKK3-YFP). The kinase domains of MEKK2 and MEKK3 are highly homologous cells incubated without APC or with fixed APC that had The manually defined contact sites represent 6.9 Ϯ 2.8% of the total cell volume. The relative enrichment of MEKK2-GFP at the manually defined contact site is 1.03 Ϯ 0.14 when stimulated with APC that had not been pulsed with antigen (no ag) and 2.38 Ϯ 0.58 when stimulated with APC that had been loaded with 500 g/ml conalbumin. The relative enrichment of MEKK3-YFP at the manually defined contact site is 1.08 Ϯ 0.11. The digitally defined contact site (calculated only for MEKK2-GFP translocation in response to antigen stimulation; see Experimental Procedures) represents approximately 1.25% of the total cell volume and 9% of the total cellular MEKK2-GFP fluorescence. The relative enrichment of MEKK2-GFP at the digitally defined contact is 6.75 Ϯ 1.76. not been pulsed with antigen. As expected, no phos-T cells by antigen-pulsed APC activates MEKK2-GFP. Furthermore, the observed activation was TCR medi-phorylation of GST-SEK1 was observed when cells that express the kinase-inactive mutant, dnMEKK2-GFP, ated, because it was both antigen specific and accomplished via the use of fixed APCs, which are incapable of were used (data not shown). Thus, engagement of D10 In contrast to the ERK and p38 MAPK pathways, PMA/ substantially decreased on the D10/MEKK2-GFP line and modestly increased on the D10/dnMEKK2-GFP line. ionomycin-mediated activation of JNK was not significantly inhibited by expression of dnMEKK2-GFP ( Figure  Because CD28 probably contributes to regulation of T cell/B cell interactions, this CD28 phenotype did not 3D). Therefore, dnMEKK2-GFP selectively inhibits the ERK and p38 MAP kinase pathways that are activated correlate with the observed decrease in specific conjugate formation of the D10/dnMEKK2-GFP T cells. by engagement of the TCR alone but does not inhibit the JNK pathway, which also requires costimulatory signals.
The fact that expression of dnMEKK2-GFP reduced the ability of T cells to respond to antigen and to form Activation of MEKK2 is thus downstream of TCR ligation and is not dependent upon the cross-linking of addi-conjugates suggested that dnMEKK2-GFP affected a feature of T cell activation that contributes to both of tional cell surface molecules. these activities. Previous studies of T cell activation have shown that antibodies to T cell adhesion proteins, MEKK2 Influences T Cell Adhesion
such as the integrin LFA-1, have effects similar to those To assay the effects of dnMEKK2-GFP on T cell function, shown here with dnMEKK2-GFP expression (Davignon D10 and its MEKK2-GFP infectants were tested for their et al., 1981; Golde et al., 1986). Engagement of TCRs ability to secrete IL-4 in response to antigen and APC. on T cells leads to a rapid and transient increase in the Figure 4A demonstrates that expression of dnMEKK2avidity of T cell LFA-1 for its ligands on other cells (Dustin GFP reduced the sensitivity of D10 cells to low concenand Springer, 1989). In turn, this increase in avidity contrations of antigen. In time-lapse microscopy studies, tributes to the ability of activated T cells to bind to target we observed that expression of dnMEKK2-GFP by D10 cells and produce cytokines. Anti-LFA-1 has a modest both slowed the formation and reduced the number of effect on the ability of T cells to secrete cytokines in conjugates that D10 formed with antigen-pulsed APC response to antigen and a more dramatic effect on their (data not shown). To address the possibility that D10/ dnMEKK2-GFP T cells might have reduced levels of ability to form conjugates with antigen-pulsed APCs Several additional findings suggest a relationship be-the APC were labeled with the red fluorescent dye PKH-26 (Sigma). T cells and B cells were mixed in equal tween the effects of dnMEKK2-GFP and activation of LFA-1. For example, both antigen-stimulated MEKK2-numbers and incubated for 16 min. Conjugates were counted by measuring the numbers of cell aggregates GFP translocation and increases in LFA-1 adhesion to its ligand, ICAM-1, occur with rapid kinetics and have that fluoresced both green and red. As shown in Figure  4B , many such conjugates were formed when D10/ a duration of at least 30 min (Figures 1A, 1B, and 2A; data not shown; Dustin and Springer, 1989). Additionally,
MEKK2-GFP cells were incubated with conalbuminpulsed APC. Formation of these conjugates was almost both biochemical activation of MEKK2-GFP and upregulation of LFA-1 avidity occur rapidly in response to treat-entirely dependent on the presence of antigen, since very few conjugates appeared in mixtures of D10/ ment with either PMA or anti-T cell receptor antibodies. Finally, after a primary TCR-mediated stimulation, both MEKK2-GFP cells and APC that had not been pulsed with antigen. Conjugate formation was also dependent MEKK2-GFP translocation and LFA-1 avidity upregulation can recur if an activation signal is delivered a second
to a large extent on LFA-1 activity, since anti-LFA-1 antibody reduced the numbers of conjugates substan-time (data not shown; Dustin and Springer, 1989). Thus, MEKK2 is likely to be involved in delivering the TCR-tially, from 21.7% to 3.5% of the cells (Figure 4B ). When these methods were applied in an antigen titration mediated signals that directly or indirectly result in increased avidity of T cell LFA-1 for its ligand on APCs. experiment, it was clear that dnMEKK2-GFP affected TCR regulation of adhesion. Wild-type D10 cells and D10/ To test this hypothesis, we measured the ability of wild-type D10 cells and their MEKK2-GFP or their MEKK2-GFP T cells formed substantial numbers of con-jugates at all antigen doses tested, whereas cells expressing dnMEKK2-GFP formed significantly fewer conjugates when incubated with antigen-pulsed APC, particularly as the antigen concentration was decreased ( Figure 4C) . Significantly, at all but the lowest dose of antigen, expression of MEKK2-GFP increased the number of conjugates formed, demonstrating that overexpression of enzymatically active MEKK2 enhances conjugate formation.
To investigate the mechanism of dnMEKK2-GFP inhibition of adhesion, conjugate assays were performed on the D10 cell lines following preincubation with anti-LFA-1 or anti-CD4 blocking antibodies. In general, D10, D10/MEKK2-GFP, and D10/dnMEKK2-GFP formed substantially fewer conjugates when preincubated with either antibody ( Figure 4D) . These observations demonstrate that although conjugate formation is strongly inhibited by dnMEKK2-GFP, there is not a complete block in either LFA-1-mediated adhesion or in CD4mediated signaling events that participate in antigenregulated adhesion. PI3-K (G. J. et al., unpublished  data) . Figure 5B shows that TCR activation of ERK and and p38 MAPK cascades.
PI3-Kinase Is a Probable Upstream Mediator of TCR Activation of MEKK2 Previous studies have shown that phosphatidylinositol 3-kinase (PI3-K) is involved in antigen-regulated T cell adhesion. Evidence from several groups indicates that PI3-K can increase LFA-1 avidity by activating cytoskel-

MEKK2 and PI3-K may be in a common pathway that connects the TCR to a cellular function that contributes to LFA-1 avidity. p38 is also inhibited by wortmannin in D10 cells, indicat-In other studies, we have found that wortmannin inhibing that MEKK2 regulation of ERK and p38 is downits MEKK2 activation in response to EGF or high-affinity stream of PI3-K. Thus, several lines of evidence indicate IgE receptor ligation in T47D breast carcinoma and mast that MEKK2 is a PI3-kinase-dependent transducer of cells, respectively, demonstrating that MEKK2 activa-TCR signals that activate T cell adhesion and the ERK tion is dependent upon
Discussion conformational changes, the mechanism(s) by which MEKK2 contributes to increased LFA-1 avidity may be We have used live-cell imaging to provide real-time analquite indirect. The discovery that MEKK2 is recruited to ysis of the intracellular redistribution of a signaling prothe T cell/APC interface and regulates adhesion will tein in response to antigen stimulation of the T cell reallow a genetic and biochemical dissection of this TCRceptor. This study also provides evidence that MEKK2
regulated response, a response that has been largely is activated and is required for activation of the ERK refractory to analysis up to this time. and p38 MAPK pathways in response to TCR ligation.
The finding that MEKK2 translocation can occur Although other MAPKKKs, particularly Raf-1, have prewithin seconds (Figures 1B and 2A) indicates that this viously been suggested to activate the ERK pathway in relocalization is one of the earliest known TCR-depenresponse to TCR stimulation (Siegel et al., 1990; Owaki  dent activation events (Chan et al., 1991). Interestingly,  et al., 1993; Siegel et al., 1993; Franklin et al., 1994; Gupta  MEKK2-GFP translocation is delayed at low antigen  et al., 1994; Izquierdo et al., 1994) , a study employing concentration (Figures 2A and 2B) , while the net perprimary murine T cells has also shown that ligation of centage of total cellular MEKK2-GFP translocated to additional receptors, including CD2, CD4, and CD28, is the contact site appears to be independent of antigen also capable of activating Raf-1 (Siegel et al., 1993) . concentration (Figures 1D and 2A; data not shown) . However, ligation of CD28 does not result in p38 phos-These observations may suggest that MEKK2 translocaphorylation (Salmon et al., 1997) . Our findings would tion reaches maximal levels only after a signaling threshsuggest that Raf-1 is more likely to play an accessory old has been reached or an active signaling complex or costimulatory role in T cell activation, whereas MEKK2 has formed. MEKK2-GFP translocation may thus be a is a MAPKKK that directs antigen-regulated responses.
visual proxy of TCR triggering, which occurs within sec-We have demonstrated that antigen ligation of the onds after the TCR has been functionally engaged. A TCR activates MEKK2 and that dnMEKK2-GFP inhibits potentially important application of our current findings aspects of TCR signaling. Importantly, the effect of would be to use recombinant MHC complexes of spe-dnMEKK2-GFP in D10 T cells is selective for specific cific valency and geometry to define agonists that are aspects of TCR signaling. Activation of the ERK and p38 capable of effecting TCR-mediated MEKK2-GFP transpathways are blocked by dnMEKK2-GFP expression, location. Such studies may provide important informabut activation of JNK is not perturbed (Figures 3B-3D) .
tion regarding the nature of the activated TCR signaling Conjugate stability is inhibited, but D10/dnMEKK2-GFP complex (Germain, 1997) and facilitate resolution of the cells make an amount of IL-4 essentially indistinguishdebate concerning the minimal requirements for initiaable from the D10 and D10/MEKK2-GFP cell lines when tion of the TCR signaling cascade (Boniface et al., 1998; activated by APC loaded with high concentrations of Delon et al., 1998; Vignali and Vignali, 1999) . antigen (see Figure 4A ). Because the production of IL-4
Live cell fluorescence imaging proved to be a powerful in response to TCR stimulation is a complex biological diagnostic tool for defining subcellular relocalization and response that involves the integration of numerous potential functions of signaling proteins during a complex signaling pathways, it seems extremely unlikely that biological response. This method should facilitate the dnMEKK2-GFP has nonspecifically perturbed signal characterization of other crucial signaling proteins that transduction pathways. The ERK MAPK pathway has redistribute in response to receptor ligation or other been shown to have little influence on IL-4 production biochemical stimuli. Beyond confirming results obtained (Dumont et al., 1998), consistent with our results. Addiby immunocytochemistry, live cell fluorescence imaging tionally, we would emphasize that the kinetics of the allows investigation of the dynamics of protein redistrisignal transduction events inhibited by dnMEKK2-GFP bution and reorganization in single cells in real time. (Figures 3B and 3C) are consistent with the kinetics Because this technology makes possible the visualizaof translocation of endogenous MEKK2 and translocation and dissection of rapidly occurring, complex redistion and activation of MEKK2-GFP ( Figures 1A, 1B, 2A, tribution events, live cell fluorescence imaging is a techand 3A).
nique that makes possible the study of the temporal Although it is reasonable to postulate that the effects component of subcellular protein reorganization. , 1983) . Phosphorylated ERK-1 and phosphorylated ERK-2 were contact site was defined either manually or digitally. Digital definition was available only for the antigen-stimulated D10/MEKK2-GFP cell detected with a rabbit polyclonal anti-phospho-MAPK antibody (New England Biolabs), and phosphorylated p38 MAPK was de-line, since MEKK2-GFP localizes to the contact interface and generates a contact site identifiable by fluorescence. Therefore, since tected with a rabbit polyclonal anti-phospho-p38 MAPK antibody (New England Biolabs). Total ERK-1 and ERK-2 were detected using translocation was not a feature of all cell lines and conditions under comparison, manual definition was used. Manual definition results polyclonal goat anti-ERK-1 and rabbit anti-ERK-2 antibodies (Santa Cruz Biotechnology). Total p38 was detected using a rabbit poly-in a much larger contact volume, resulting in an artificially inflated localization percentage for MEKK2. We therefore reported both the clonal anti-p38 antiserum.
of MEKK2 on T cell adhesion might be mediated by the ERK or p38 MAPK pathways, our analyses with the MEK inhibitor PD98059 and the p38 inhibitor SB203580 have
manual and digital values for percent localization. We have also reported the relative enrichment (see the legend to Figure 1D) , which Cells and Retroviral Infection is the fluorescence per unit volume at the contact site divided by The T cell clone D10 (Kaye et al., 1983) mixed in a 1.5 ml microcentrifuge tube with an equal volume of In certain T cell/APC conjugate assays and Western blotting ex-APC (10 7 /ml) and incubated for exactly 16 min at 37ЊC. Nonspecific periments, T cells were preincubated for 30 min with 100 nM wortaggregates were disrupted by vortexing, and samples were anamannin. This dose of wortmannin over the 30 min preincubation lyzed using a FACScan flow cytometer (Beckton-Dickinson). For plus 16 min conjugate formation period (or 10 min 3D3 antibody each sample, 4 ϫ 10 4 live-gated events (i.e., live cells or live cell treatment period) was judged to be nontoxic because flow cytomeconjugates) were collected and analyzed. Two-dimensional plots of try analysis of the conjugate assay samples did not demonstrate a T cells (FL1 channel, GFP and/or CFSE fluorescence) versus APC significantly higher percentage of dead cells in the wortmannin-(FL2 channel, PKH-26 fluorescence) were generated. Percent conjutreated samples versus untreated or antibody-treated samples.
gates, defined as the number of live-gated, double-positive events in the upper right quadrant divided by the total number of live-gated events, was then determined for each sample. In Figure 5A , values Immunocytochemistry and Cell Imaging Analysis are expressed as percent specific conjugates, which is defined Conjugates were formed by mixing a 1:1 or 1:2 ratio of T cells to as percent conjugates in the APC/no antigen samples subtracted APC. For fixed cell experiments, mixing was followed immediately from the percent conjugates calculated for each APC/conalbumin by centrifugation in a Stratagene PicoFuge for 20 sec, and cell sample. mixtures were placed in a CO 2 incubator at 37ЊC for the indicated time periods. For immunocytochemistry experiments, T cell/APC conjugates were bound to washed, poly-D-lysine-coated coverslips MEKK2 and JNK Assays To assay kinase activity of MEKK2-GFP, D10/MEKK2-GFP T cells (3 mg/ml), fixed for 10 min with 3% paraformaldehyde/3% sucrose, and stripped of membranes by 5 min treatment with 0.2% Triton (2 ϫ 10 7 ) were incubated at 37ЊC for 10 min alone or with the indicated paraformaldehyde-fixed APC (2 ϫ 10 7 ). Cells were disrupted X-100 in 1ϫ PBS. Conjugates were stained with indicated antibodies and were observed using a Leica DMXRA epifluorescence micro-in lysis buffer (20 mM Tris [pH 7.6], 0.5% NP-40, 250 mM NaCl, 3 mM EDTA, and 3 mM EGTA), nuclei were pelleted by centrifugation scope. Visual data were acquired using a Cooke Corporation Sensi-Cam CCD camera and were digitally deconvolved using a nearest at 12,000 ϫg for 10 min at 4ЊC, and MEKK2-GFP was immunoprecipitated using a polyclonal rabbit anti-GFP antibody (Clontech) and neighbors algorithm with SlideBook software (Intelligent Imaging Corporation). In live-cell imaging experiments, T cells and APC (each protein A sepharose. Immunoprecipitates were washed twice with lysis buffer and once with kinase buffer (20 mM HEPES [pH 7.5], 20 at approximately 2 ϫ 10 5 /ml) were mixed in medium buffered with 25 mM HEPES (pH 7.4), and real-time fluorescent images were gath-mM ␤-glycerophosphate, 10 mM p-nitrophenyl phosphate, 10 mM MgCl 2 , 10 mM MnCl 2 , 1 mM DTT, and 50 M Na 3 VO 4 ). A MEKK2 ered with a 40ϫ water immersion objective and a Bioptechs stage heater set to 37ЊC. Short exposure times and a xenon light source kinase assay was performed by incubating the immunoprecipitate with bacterially produced recombinant GST-SEK1 and ␥-32 P-ATP at were used to minimize bleaching effects.
Conjugate contact analysis was performed using the masking and 30ЊC for 20 min in kinase buffer. Phosphorylation of GST-SEK1 was determined by boiling the products of the kinase reaction in 1ϫ statistics capabilities of SlideBook. Initially, stacks of images were acquired in 0.2 m steps throughout the contact volume. Stacks Laemmli buffer, followed by SDS-PAGE electrophoresis and quantitation of 32 P-labeled GST-SEK1 using a phosphorimager. were deconvolved using a nearest neighbors algorithm, and the
